Abstract-For flexible robots with rotational joints it has been shown previously, by the first author, that direct strain feedback can damp out vibrations very satisfactorily. In this paper, a simple sensor-based output feedback control law, called shear force feedback, is newly proposed to control vibrations arising from structural flexibility of robots of Cartesian or SCARA types. Closed-loop exponential stability of such shear force feedback system is proved. Experimental results on set point control and trajectory tracking control are reported. It is found that the simple PI + shear force feedback can yield good performance for both robot motion and vibration suppression.
I. INTRODUCTION Structural flexibility in robotic systems is becoming an issue of increasing concern. The demands for high speed, low cost, and low energy consumption are main motivations for control of lightweight flexible robots. Most of early researches on control of flexible robots concentrated on model-based controller design [l] , [2] , [l 13 . However, these model-based controllers, originally designed for the demands of high performance, may not be easy to implement due to uncertainties in design models, large variations of loads on the robot's end-effector, ignored high frequency dynamics (related to control and observation spillovers), and the high order of the designed controllers. Thus, it is highly desirable to seek simple and robust controllers for the control of flexible robot arms. Indeed, there have been many studies related to this problem. Various methods such as PD feedback of robot joint variables, PD with gravity compensation [5] , and PD with feedfonvard [8] have been proposed for control of robot flexibility.
In [7] , [9] , and [12] , it is shown that the simple strain feedback can damp out vibrations in robots with rotational joints. However, it should be pointed out that many industrial robots, especially those widely used in automatic manufacturing assembly line, are either of S C A M or Cartesian types (see, respectively, Figs. 1 and 2). Although there may exist many causes for the vibrations of these robots, we restrict ourselves to the suppression of vibration arising from structural flexibility of the robot tip arm. In this case, would the strain feedback laws proposed in [9] still work? Unfortunately, the answer is in the negative. This assertion is verified experimentally. The physical background of this phenomenon lies in the fact that vibrations of robot arms with rotational joints are caused by angular acceleration at the arm's root end, while the vibrations in Cartesian robots are caused by linear acceleration at the arm's root end. Theoretically, it can be shown, by using the operator theory in [9] , that the strain feedback control action does not introduce a damping operator for Cartesian robots, as it does for robots with rotational joints.
The purpose of this paper is to present a new kind of simple control method called shear force feedback control for vibration suppression in flexible robots of Cartesian and SCARA types. In Section 11, we explain what is meant by shear force feedback control. We discuss how to implement this simple control law. We also show the closed- A Cartesian robot with a long tip arm.
SHEAR FORCE FEEDBACK CONTROL
Consider a Cartesian or SCARA robot with a long tip arm as illustrated in Figs. 1 and 2. In industry, these robots are widely used in handling objects, assembling parts, packing and detecting detects etc. A primary demand for these tasks is high speed movement of robots in order to increase productivity. When a robot with a long tip arm moves at a high speed, vibration is unavoidable. In many industrial applications, this vibration can be a main problem in task implementation. In many circumstances, no effective method is available to solve this problem except to slow down the robot, or to wait till after the movement for vibrations to die down. This obviously is not efficient and motivates us to develop active vibration control to overcome this difficulty.
For clarity of statement, we only consider vibration control of Cartesian robots. The problems associated with SCARA robots are essentially the same and can thus be treated in a similar way. Since any motion in the X-Y plane can be decomposed into its X and Y components, the vibrations in the X-direction and Y-direction can be considered independently. vibration of flexible arm in the X -direction can be written as 
A. Shear Force Feedback
In the dynamic model (l) , the acceleration 2 ( t ) of the moving body acts as control input for the vibration of the flexible arm. We can measure shear force at the root end of the arm which is proportional to w r r r ( t , 0). we can also control the motion of motor so that
2 ( t ) = -k t P ( t , 0).
where k is an arbitrary constant. Therefore, we have, Substituting (3) into (1) yields the shear force feedback controlled closed-loop system equation:
At this point, we have at least three questions which need to be clarified.
1) How to measure the shear force w"'(t, O)? 2) How to control the motor so that (2) is satisfied? 3) Is the partial differential (4) exponentially stable?
As for the first question, there is no commercial shear force sensor known to us. However, the bending strain which is proportional to d ( t , 0) can be easily measured by cementing strain gauge foils at the arm's root end. Similarly, by cementing strain gauge foils at location T = e ( E is a small constant), close to the root end T = 0, we can measure ~" ( t , E). Therefore, one method for measuring shear force, w"'(t, 0), is to approximate it by [~" ( t ,
This method is adopted in our experiments. Although it is commonly recognized that derivation may introduce noise, it is found, by experiments, that such treatment is quite acceptable and the noise is not severe enough to cause problems.
For the second question, we can choose a servo motor with a motor driver of high gain speed reference type. For such a case, the input voltage Vr,f(t) to the motor driver is approximately proportional to angular velocity i ( t ) of the motor, i.e.,
Kef(t) = k f i ( t ) ( 5 )
where kf > 0 is the back emf constant of the motor. The rotational motion of the control motor is transferred into linear motion in the X-direction via timing belt as shown in Fig. 4 where p is the radius of driving wheel. Then, clearly,
Combining (2) and (6), we obtain 1 k
Substituting (7) into (5) yields kkf 111 V,,f(t) = --w ( t , 0).
P (7)
This is to say, that if we measure the shear force w'"(t, 0) and determine the control voltage Vref(t) according to (8), then (2) is satisfied as desired and the control closed-loop equation is given by (4).
The third question is the most important and will be answered in next section.
B. Closed-Loop Exponential Stability of Shear Force Feedback
This section is devoted to studying the stability of system (4) when feedback gain k > 0. We are especially interested in the exponential stability. We note that when k = 0, i.e., there is no shear force feedback, (4) is a conservative system whose energy never decays theoretically. Our objective is to show that the third term -kiJ"'(t, 0) on the left-hand side of (4) is a damping term and shear force feedback control can exponentially decay the solution of (4).
The partial differential in (4) is a nonstandard one and does not appear in the existing literature. So a unique solution is not obvious. Fortunately, it can be shown, using the concept of A-dependent operators proposed in [9] , that there exists a unique solution of (4) for any k > 0 and smooth initial conditions W O , w1. We claim that this solution is exponentially stable. To this end, we introduce a new
Assume that the initial conditions W O ( T ) and w1 ( T ) are sufficiently smooth that the solution of (4) admits continuous spatial derivatives of up to sixth order. Taking twice the spatial derivative of both sides of the first equation of (4) yields (10) From the boundary conditions of (4), we see that G ( t , 0) =
Hence it is easily verified that 
a! Consequently the energy stored in system (12) is dissipative. Indeed the energy dissipates exponentially, which had been long unproved by using the energy multiplier method, but is finally proved in [3] by making use of a result in Huang [6] . The interested reader is referred to [3] for details.
With y ( t , z) shown to be exponentially stable, it is claimed that the solution w ( t , T ) of (4) is also exponentially stable since w ( t , T )
can be expressed as 
In. CONTROL EXPERIMENTS

A. Experimental Device
In order to test the shear force feedback control method proposed in this paper, an X-Y Cartesian robot as shown in Fig. 5 was used. The X and Y axes are respectively driven by two dc motors (68 W) with commercial motor drivers of speed reference type. The motor shafts are directly (without gear reduction) coupled to the ball-screw which converts rotational motion of motors into linear motion in the X and Y axes. A moving body can move in the X-axis. The moving body and the X-axis can move together in the Y-axis. The movable ranges of the X and Y axes are 700 nun. Since there is no gear reduction, the moving body can move at a very high speed.
= 600 nun, which will be referred as the X-Y robot's tip arm, is attached to the moving body along the Z-axis. The value of the arm material constant a! in (1) is identified to be cy = 78.91 [N-m3kg] . When the moving body moves at a high speed in the X-Y plane, significant vibrations are observed in the end-effector of the tip ann. To detect these vibrations, shear force sensors were developed independently for the X and Y axes. Each sensor consists of four precision strain gauges, two of which are cemented on front surface and the other two on the opposite surface of the tip arm. The distance between the two gauge foils on each surface is taken to be 10 mm ( E = 10 mm). Using two (one on front surface and one on the opposite surface) of these, we construct a 1/2 Wheatstone bridge. The remaining two is used in another 1/2 Wheatstone bridge. The amplified difference of outputs of these two Wheatstone bridges is taken as the shear force signal w r r r ( t , 0) which we need for feedback. Angular positions and velocities were measured with encoders and tachometers attached to the motor shafts. These signals together with the shear force signals were sent to the controller (NEC9801 personal computer with 80386 CPU). The control program was written in C language, and the sampling period was set at 8 ms. Experimental results on set point control and trajectory tracking control are presented in next subsection.
B. Experimental Results on Set Point Control
In practical applications, it is necessary to control not only the vibrations but also positions of the moving body. Note that vibrations should be suppressed without sacrificing performance of position servo (transient responses of position variables etc.). Some of the conventional vibration control methods do not guarantee good responses of robot joint positions and rapid decay of vibrations in robot arms at the same time. When vibrations are well suppressed, usually the responses of robot joint positions become worse (it takes a longer time for the robot to reach a given position, or overshoot can be seen). An important feature of the shear force feedback control method proposed here is that we can suppress vibrations without much affecting good transient responses of robot joint positions. This will be illustrated by experimental results.
Since the X-axis and Y-axis are controlled independently with the same control law, we describe theoretical formulations only for the X-axis in the following. Let Z d (constant) be the desired position of the moving body in the X -axis. To control both the position of the moving body and vibration of the tip arm, we determine motor [9] . The derivation of (17) and (18) For the set point control experiment, the end-effector of the arm is commanded to move from the X-Y coordinate origin to a point z d = 100 mm and yd = 100 mm by simultaneously driving the X and Y axes. Notice that we use the same control law (15) For the end-effector of the arm to follow a circular orbit of radius 70 mm 4 times in 6 s, we chose Fig. 9(a) is the trajectory of end-effector when (19) and (20) are implemented with shear force feedback gain k = 0. Fig. 9(b) shows the result for k = 0.34. It can be seen that the real trajectory approaches the reference trajectory in a few minutes after the start. These two figures demonstrate that vibration suppression is improved a great deal by shear force feedback.
Experiments were also conducted to make the end-effector follow a trigonometric trajectory in the X-Y plane. The results of these experiments are shown in Fig. 10 where the real line represents the end-effector trajectory without shear force feedback and the line with dot marks represents the end-effector trajectory when shear force feedback is applied. It is seen that shear force feedback can improve the responses of the end-effector, especially at comers where vibrations are more likely to occur.
IV. CONCLUDING REMARKS
A simple shear force feedback control law has been proposed for vibration suppression of Cartesian or SCARA robots with long tip arms. The exponential stability of such shear force feedback controlled closed-loop system, in the absence of internal damping of the arm material, has been proved by transforming the nonstandard partial differential equation into the standard boundary moment control system. Experiments on both the set point control and the trajectory tracking control were conducted. These experimental results demonstrate that shear force feedback can not only damp out vibrations satisfactorily, but also maintain high performance in the motion of robot. This is very important in practice, since it would make no sense if the vibration suppression were achieved at the price of sacrificing the performance of motion of robot. The initial control objective of flexible robots is simultaneous motionhibration control and not vibration suppression only.
Several remarks are in order. All the above discussions are based on the assumption that the control motor driver is of speed reference type. If the motor is of torque control type, then theoretically it is necessary to feedback the time rate of change of shear force. A sensor that can be used to measure the time rate of change of shear force needs to be developed. The control method proposed here can also be used in the handling of flexible materials if the end-effector is equipped with a sensor which can measure shear force at the contact point of flexible materials.
PI+Shear
